ADDITIONAL INDEX WORDS. Solanum lycopersicum, plant spacing, fruit size SUMMARY. Plant spacing and production systems are important factors for maximizing production of greenhouse-grown tomatoes (Solanum lycopersicum). Two studies were conducted simultaneously and independently, each in a 33 · 96-ft greenhouse in Fall 2008 and Spring 2009 using perlite soilless bag culture. The purpose of the first study was to evaluate yield and fruit weight of 'Trust' tomatoes spaced 12, 16, 20, 24, or 28 inches in-row. The second study was conducted to determine the effect of pruning production systems on yield and fruit weight. The first system is pruning two plants per bag each to a single leader and the second is pruning one plant per bag to double leader. A plant spacing of 28 inches resulted in significantly more fruit per plant than the 12-inch plant spacing. However, yield per area decreased with wider plant spacings. Plants spaced 12 inches apart in-row produced 2.8 and 3.8 lb/ft 2 total yield in the fall and spring, respectively, compared with plants spaced 28 inches apart that produced 1.7 and 2.2 lb/ft 2 in the fall and spring. Using a production system with one plant per bag pruned to a double leader increased yield by 6.4 lb/plant in the fall and 15.7 lb/plant in the spring. On a per bag basis, pruning two tomato plants to one leader increased total yield by 2.6 lb/ bag and was more economical in the fall; whereas, in the spring, the double leader production system did not affect yield but was more economical.
I n 2003, U.S. greenhouse growers produced %175,996 tons of tomatoes; however, imports still exceeded domestic production, with 282,323 tons from Canada and Mexico alone (Cook and Calvin, 2005) . This factor provides opportunities for growers to increase U.S. greenhouse tomato production. As of 2003, large (>40 acres) and medium (7-40 acres) operations accounted for 62% and 15%, respectively, of total U.S. greenhouse tomato productivity (Cook and Calvin, 2005) . Over time, the largest U.S. greenhouse firms have shifted locations to align production with the most profitable market windows and use the warmer winter climates while simultaneously targeting the high-priced winter season (Cook and Calvin, 2005) . Although this shift allows profitable production all yearlong, it also increased transportation expenses. This, according to Hanna (2009) , accounts for a substantial part of tomato production expenses and usually mandates growers to cut costs, increase yield, or both.
Small greenhouse tomato operations are still prevalent in the United States and focus mainly on local sales on the premises or to farmer's markets and retailers (Cook and Calvin, 2005; Korevaar, 2007) . In order for these small family farms to compete in the market, they must either tap into a niche market, such as heirlooms or cherry tomatoes, or reduce production costs and increase plant yield (Korevaar, 2007; Hanna, 2009) . In short, despite the size of operation or location, growers are always pursuing ways to increase yield.
Greenhouse tomato production requires many environmental, cultural, and biological practices to optimize production and fruit quality. Plant density and pruning methods are two important cultural approaches to increase yield. It has been recommended by Snyder (2007) and the Louisiana State University AgCenter (2009) that each tomato plant should receive 4-4.3-ft 2 growing area, with about a 13.7-15.7-inch spacing between plants and 4 ft between rows. Previous tomato studies, grown in both field and greenhouse conditions, have demonstrated various responses to plant density. With greenhouse-grown cherry tomato, Charlo et al. (2007) found that increasing plant spacing from 11.8 to 19.7 inches resulted in greater yield per plant but lowered productivity per unit area, while decreasing plant density resulted in greater yield per area but smaller more nonmarketable fruit. Similarly, Saglam and Yazgan (1995) reported that tomatoes grown in unheated greenhouses had overall yield per unit area increase with an increased density. Kemble et al. (1994) found no yield differences between in-row spacing of 12 and 30 inches in field-grown tomato. However, Santos et al. (2010) determined that higher yields of field-grown tomatoes were obtained by using smaller in-row spacing. Franco et al. (2009) stated that choosing a proper pruning system was important to keep a balance in the relationship's source/sink and the carbon/nitrogen (C/N) ratio. There are several reports that confirm the benefits of pruning on tomato yields. Cockshull et al. (2001) found a tendency for side shoots to reduce the yield of marketable fruit produced on each cluster in greenhouse production.
Pruning needs differ depending on the growth habit of the cultivar, but typically it is recommended that The first study was designed to evaluate the effect of plant spacing on yield. One plant was transplanted into each 3-gal bag and spaced on-center according to its designated treatment. A row spacing of 4 ft remained constant, and different plant densities were achieved by varying in-row spacing. Treatments were as follows : 12, 16, 20, 24, and 28 inches (0.11, 0.25, 0.19, 0.16, 0 .13, and 0.11 plants/ft 2 , respectively). The experiment was arranged in a randomized complete block design with three replications of five treatments and 20 plants per experimental unit. The experimental layout consisted of five double rows (18 inches apart on-center) spanning the length of the greenhouse with north/south orientation. The center three rows were the experimental rows and the outer two rows were borders. Plants were pruned to a single leader. Simple linear regression was used to study changes in fruit yield associated with increases in plant spacing by partitioning the sums of squares into components that were associated with linear terms with SAS (version 9.2; SAS Institute, Cary, NC).
The second study compared production systems: two plants with one leader and one plant with two leaders. Depending on the treatment, either one or two plants were transplanted into 5-gal bags, which were spaced 18 inches on-center in rows 5 ft apart. The experiment was designed as a randomized complete block with four replications of two treatments and five bags per experimental unit, equaling five plants per experimental unit for the two leader treatment and 10 plants per experimental unit for the one leader. The two treatments consisted of either one plant per bag pruned to a double leader or two plants per bag pruned to a single leader each. For single leaders, all suckers were removed. For double leaders, the sucker just below the first flower cluster was left to remain as the second leader. Yield data were analyzed using analysis of variance mixed models with SAS (version 9.2; SAS Institute, Cary, NC). Blocks, or replications, were considered random, and treatments were considered fixed. Significance of main effects was determined by F test.
For both experiments, plants were clipped to a string supported by an overhead wire and grown to the 10th flower cluster before being topped. Flower clusters were thinned to four or five fruit per cluster to remove excess fruit and flowers and to optimize fruit size. Results and discussion EXPT. 1. Plant spacing affected greenhouse tomato total yield, yield of jumbo-size fruit, and average fruit weight per plant as well as per area (Tables 1 and 2) . A positive linear trend showed that total yield/plant, jumbo yield/plant, and fruit weight increased with every increased increment in spacing. The highest 'Trust' yield of jumbo fruits produced per plant were obtained by an in-row spacing treatment of 28 inches in both seasons. In the fall, plants at 28-inch spacing produced 4.5 lb more jumbos per plant than those spaced 12 inches
• February 2012 22 (1) apart (Table 1 ) and 6.3 lb more jumbos per plant in the spring (Table 2) . When compared with plants spaced 12 inches apart, a plant spacing of 28 inches resulted in a total yield increase of 4.3 lb/plant in the fall and 4.8 lb/ plant in the spring. Wider plant spacing also resulted in increasing the average fruit weight per plant, from 0.48 lb with the 12-inch spacing treatment to 0.57 lb with the 24 and 28-inch spacing treatments. In this experiment, increasing in-row spacing by 1 inch linearly increased total yield per plant by 0.27 lb/plant in the fall and 0.29 lb/plant in the spring and increased jumbo fruit yield by 0.28 lb/ plant in the fall and 0.45 lb/plant in the spring. Lower plant densities produced more tomatoes per plant; however, with less plants being grown because of larger in-row spacing, total yield per area was lower (Tables 1 and  2 ). There was a negative linear correlation between wider in-row plant spacing and total yield per unit area and jumbo yield per unit area. With every increase in plant spacing, yield per area decreased. Per area, plants in the 12-inch spacing resulted in a total yield of 2.8 lb/ft 2 in the fall and 3.8 lb/ft 2 in the spring, whereas plants in the 28-inch spacing only yielded 1.7 lb/ft 2 in the fall and 2.2 lb/ft 2 in the spring, an increase of %40%. Similarly, the amount of jumbo tomatoes produced per area increased with closer spacings. The 12-inch spacing resulted in 1.7 and 2.4 lb/ft 2 of jumbo tomatoes in the fall and spring, respectively. The 28-inch spacing resulted in only 1.2 and 1.8 lb/ft 2 in the fall and spring, respectively, equaling a 30% increase of jumbo yield. Although yield per area increased with the smaller spacing, it is not necessarily desirable for growers since the fruit produced were smaller, 0.48 lb with the 12-inch spacing compared with 0.57 and 0.60 lb with the 28-inch spacing (Tables 1  and 2 ). By increasing in-row plant spacing by 1 inch, overall yield per area decreased linearly by 0.07 lb/ft 2 in the fall and 0.10 lb/ft 2 in the spring, jumbo yield decreased by 0.03 lb/ft 2 in the fall and 0.037 lb/ft 2 in the spring, and average fruit weight increased by 0.009 lb.
These findings correspond to the findings of Papadopoulos and Ormrod (1990) . They found that with a narrow plant spacing, yield per plant declined but yield per area increased. This can be explained by the increased interplant and intraplant competition that is imposed with higher plant densities (Fery and Janick, 1970; Rodriguez and Lambeth, 1975) . They also attribute this to the fact that with lower plant densities (wider spacing) there is increased photosynthetically active radiation interception to the plant canopy, specifically the lower basal leaves, resulting in higher carbon dioxide (CO 2 ) fixation, which ultimately increases yield per plant and fruit size (Papadopoulos and Ormrod, 1990) .
Closer cropping increases yield per area, but decreases yield per plant and fruit weight, while increasing the risk for diseases and pests. High plant densities are best used in situations with high light or where fruit size is not of great concern.
EXPT. 2. In the production systems study, the treatment effect significantly affected yields (Tables 3 and  4 ). The production system of one plant per 5-gal bag pruned to a double leader resulted in more total fruit/ plant and extra large yield/plant than two plants per 5-gal bag pruned to single leaders. The double leader system produced significantly higher total yields during fall and spring seasons, 15.4 and 29.1 lb/plant, respectively, compared with the single leader system with 9 and 13.4 lb/plant during the fall and spring, respectively (Tables 3 and 4 ). The one plant with two leader system produced 6.4 and 15.7 lb more fruit per plant during the fall and spring than two plants with single leaders. Although yield/plant is interesting from a physiological standpoint, it is yield/bag that is most Fruit yield in response to plant spacings described as the following linear regression equations: jumbo/plant: y = 3.89 + 0.28x; total/plant: y = 8.09 + 0.27x; jumbo/ft 2 : y = 2.14 -0.03x; total/ft 2 : y = 3.53 -0.07x; fruit weight: y = 0.29 + 0.02x. Fruit yield in response to plant spacings described as the following linear regression equations: jumbo/plant: y = 4.7 + 0.45x; total/plant: y = 12.2 + 0.29x; jumbo/ft 2 : y = 2.9 -0.037x; total/ft 2 : y = 4.9 -0.10x; fruit weight: y = 0.38 + 0.009x. pertinent to growers trying to decrease production cost while not sacrificing yield. On a per bag basis, two plants with one leader yielded more fruit for the fall crop, 18 lb/bag (9 lb/ plant each) compared with 15.4 lb/ bag of a single plant with double leaders (Table 3) . During the spring crop, the system produced comparable yields (Table 4) . So, by using the same floor space, water, and fertilizer, one would have higher yields in the fall by having two plants each with a single leader, as the double leader plant produces 15.5 lb/bag of tomatoes, and the two single leader plants together produce 18 lb/bag of tomatoes. However, in the spring, it would be more beneficial to use the double leader system than the single leader system as it decreases input costs of seeds and transplants without reducing yield. Maintenance and labor inputs were equal for both pruning systems, except seeding and planting, theoretically, would take half as much time when using the double leader system. Using the double leader production system would be beneficial if the cost of using twice as many plants (as for the one leader system) outweighs the possible profits achieved by the increased yield. However, a cost analysis (Table 5) calculating the projected gross income for one 3000-ft 2 house using 4 ft 2 growing area per grow bag shows that the yield increase of a single leader system outweighs the increased seed cost in the fall but not in the spring. Estimates show an increase in profit of $2925.00 by pruning two plants per bag to a single leader in the fall, whereas in the spring, the opposite holds true, pruning one plant per bag to a double leader will be $2587.50 more profitable. A disadvantage of the double leader production system is that when diseases, such as Botrytis cinerea, are present, there is a greater chance of losing the whole plant, whereas if there are two plants per bag, it may affect one plant but not the other. This factor may partly explain why the single leader system was more effective in the fall when greenhouse disease pressure is greatest in Tennessee.
Conclusions
An in-row spacing of 16-20 inches (18 inches being ideal) is recommended for 'Trust' tomato growers wanting to maximize greenhouse space without negatively affecting yield or fruit weight. A production system that prunes two plants per bag each to a single leader is most profitable in the fall, whereas, in the spring, it is more profitable to prune one plant per bag to a double leader. . y Extra large is any tomato 2.75-3 inches diameter; jumbo is any tomato >3.0 inches diameter; 1 inch = 2.54 cm. x Means within columns followed by the same letter are not significantly different at P < 0.05 by least significant difference. w Not statistically significant. . y Extra large is any tomato 2.75-3 inches diameter; jumbo is any tomato >3.0 inches diameter; 1 inch = 2.54 cm. x Means within columns followed by the same letter are not significantly different at P < 0.05 by least significant difference. w Not statistically significant. z Transplant costs are only expense differences as production costs for media, water, fertilizer, and other resources remain the same for each system. y 1 lb = 0.4536 kg, $1.00/lb = $2.2046/kg.
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